The parenteral administration route is most effective for the delivery of drug substances with poor oral bioavailability. Nanoparticulate drug delivery systems were developed with the specific purpose of overcoming the obstacles met by conventional drug therapy for parenteral administration in case of drug targeting or passing biobarriers. Today, in vitro performance tests are a prerequisite for formulation development and quality control of nanoparticulate dosage forms, focusing on drug release and stability of the release rate in particular if the release should extend to days. As a consequence of the diverse technologies of these novel dosage forms, at present there is no standardized in vitro release test available. With a focus on parenterally administered formulations, this review describes published methods used for in vitro drug release testing of nanoparticulate drug products. Some of the techniques may be applicable to nanoparticulate dosage forms for oral application.
INTRODUCTION
T oday, conventional drug therapies using the parenteral administration route include sterile solutions, emulsions, suspensions, and implants (1) (2) (3) . They involve a number of challenges such as decreased physical or chemical stability of excipients and drugs in aqueous solutions, poor drug solubility and absorption to macromolecules at the site of administration, degradation by enzymes, limited access to the site of action, as well as the need for a suitable controlled/sustained drug release system. To overcome some of these drawbacks, nanoscaled drug products are being used (2) . These complex systems can be categorized according to their carrier principle and composition of the carrier. They can be manufactured through multiple techniques, which can be divided in two main categories: top-down and bottomup (4) (5) (6) (7) . Drug substances can either be entrapped in liposomes, solid lipid nanoparticles, or polymeric nanoparticles or bound to their surface (8) . Nanocarrier systems are usually administered parenterally in the form of a liquid dispersion (2) . Together with the formulation technology, the site of administration will dictate the release of the drug substance. Thus, intravenous (IV) administration is preferred when immediate systemic drug availability and rapid onset of action is desired or when physiological barriers prevent access to the target site, as is the case of the blood-brain barrier (BBB), whereas subcutaneous or intramuscular administration will ensure long-term drug delivery by forming a depot (9) . Besides the carrier-based systems for small molecules, nanoparticulate drug products containing biological drug substances and nano-crystals or combinations thereof exist, but are not discussed in this review.
Nanotechnology-related drug products may present specific physicochemical properties due to the large surface to volume ratio and may have the ability to actively target a specific tissue, improve solubility of poorly soluble substances, control or sustain the drug release, and/or extend systemic elimination (10) (11) (12) (13) . Compared to conventional drug products, the small particle diameter results in a release mechanism controlled by drug-carrier interaction rather than by diffusion. As a consequence, the drug and excipients properties are of major importance for the therapeutic success.
Drug targeting strategies enable the nanoparticles to overcome physiological barriers such as the BBB (14, 15) . By elevating the drug concentration in the central nervous system, brain diseases can be treated more effectively. Further, by modifying the particle surface with targeting ligands, specific cells within the human body can be addressed (16) . In a study involving doxorubicin loaded poly(lactide-co-glycolide) (PLGA) nanoparticles, controlling formulation parameters such as coating, type of polymer, drug substance, and stabilizer enabled efficient brain delivery of doxorubicin for the treatment of intracranial 101/8 glioblastoma in rats (17) . The nanoparticulate formulation developed by Gelperina et al. provided promising results when administered for the first time in humans (17) .
Although a clear definition unanimously accepted by academia, regulatory bodies, and the pharmaceutical industry is yet to be established, recommendations on the nomenclature of nanoparticles have been made by the European Commission, the U.S. Food and Drug Administration (FDA), and the Standardization Administration of China (18) (19) (20) . According to the U.S. FDA, nanoparticles may be defined as manufactured particles in the size range of 1-100 nm or even outside this range, up to 1000 nm, if they exhibit specific properties that can be directly attributed to their dimension (21) .
In the context of an increasing need for regulatory requirements for nanoparticulate drugs, regulatory bodies from around the world are striving for a consensus in defining nanoparticles (22) . The U.S. FDA issued a draft guidance for industry, which includes a general overview on the topic of in vitro release testing of drug products that contain nanomaterials (21) . Furthermore, the European Medicines Agency co-sponsored an international regulators expert group involving the US, Japan, Canada and Australia, and organized the First International Scientific Workshop on Nanomedicines followed by the International Pharmaceutical Regulators Forum (IPRF) platform for scientific exchange (23, 24) .
On this background, well established characterization methods and standardized in vitro release testing methods for nanotechnology-related drug products represent a prerequisite for formulation development and quality control. In the case of nanoparticulate drug products designed for controlled or sustained release purposes, the drug substance is usually entrapped in the core matrix, from where it is slowly released. Thus, the term in vitro release testing can be used for performance testing of nanoparticulate drug products (25) . Numerous methods have been described in the literature for testing in vitro release from nanoparticulate drug products, among which membrane diffusion methods, sampling and separation methods, and continuous flow methods are most frequently employed (26) (27) (28) . This review article intends to give an overview of current concepts and methods for testing in vitro release of parenteral nanoparticulate drug products, describing suitability and limitations of the present methodology.
PHYSIOLOGICAL CONDITIONS AT THE SITE OF DRUG RELEASE
Once nanosuspensions are injected into the blood stream, the surface properties and the size of the nanoparticle are the main parameters that influence the fate of the nanoparticulate drug in the system. These are a result of the formulation process, usually affecting the biological interactions. For nanoparticulate drug products designed to circulate longer and accumulate in a specific tissue, a wide variety of size ranges have been reported. Depending on the material and charge, nanoparticles with a size between 10 and 500 nm are able to circulate in the human capillary system (10) . They are cleared by liver and the mononuclear phagocyte system much slower as compared to those below 10 nm, which face a more rapid clearance through the kidneys (10) . Nanoparticulate drugs present in the bloodstream can interact with opsonins (antibodies, complement proteins, and circulating proteins), which tend to adsorb on the nanoparticles due to their surface properties. As a result, agglomeration of the nanoparticles can take place, which leads to modifications of the drug release rates or to their elimination by the reticuloendothelial system (RES) (29, 30) . By coating the surface of the nanoparticulate drug product with block copolymers, such as polyethylene glycol (PEG), agglomeration and fast elimination by the RES can be avoided. Nanoparticulate drug products that went through the process of surface coating with hydrophilic polymers are called "stealth nano carriers," as is the case of stealth liposomes (for example, doxorubicin [Doxil, Johnson & Johnson, USA]) (12, (30) (31) (32) .
When designing an in vitro release test, physiological factors first have to be taken into consideration. During method development, it is preferred for the in vitro test conditions to replace the more complex physiology mimicking media by simple and robust in vitro media, with ingredients reduced to the ones being essential for drug release. Further, the in vitro setting should reflect AUGUST 2019 www.dissolutiontech.com the mechanism of drug release occurring in the in vivo situation. If systemic action is desired, the onset of release may take place in the blood. For efficient target delivery, most of the release is usually intended to take place at the site of action.
For example, the central nervous system is available for release of the drug substance only after the nanoparticulate drug has passed the BBB. In addition to blood, the medium in which release is supposed to occur is the cerebrospinal fluid (CSF). Compared to the blood, the volume of medium available for drug release is 150 mL of CSF. Differences in composition between CSF and blood plasma regarding pH, protein content, glucose, and ionic concentration are presented in Table 1 . In vivo, these two compartments are separated by the BBB (33) . The mechanisms through which nanoparticulate drug products could enable the transport of proteins and other large molecules across the BBB are not completely elucidated, but the most likely theory involves endocytosis followed by transcytosis (16) . These mechanisms are assumed to influence the absorption rate through this physiological membrane.
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IN VITRO RELEASE TESTING FOR NANOPARTICULATE DRUG PRODUCTS
As nanoparticulate drug products gain more and more interest and transitioned from proof of concept to marketed products, it has become imperative to develop means to assess their in vitro performance, as it is part of the drug product approval and quality control requirements (25) . Currently, there is no regulatory guidance for assessing in vitro drug release from parenterally administered nanoparticulate drug products. Compared to oral drug products, which benefit from welldefined regulatory standards and compendial apparatus, there is much space for improvement for testing of parenteral nanoparticulate drug formulations. Noticeable efforts have been made towards compensating by adapting classical methods and compendial apparatus for in vitro release testing methods for nanoparticulate dosage forms (34, 35) .
Preliminaries
When developing an in vitro release test for nanosuspensions, general considerations described in the United States Pharmacopeia (USP) General Chapter <1092> "The Dissolution Procedure: Development and Validation", may be taken into consideration regarding key parameters of the test, such as drug solubility, release medium, usage of filters, sampling, and sample preparation as well as for quantification and identification (36) .
In Vitro Dissolution/Drug Release Apparatus
For testing the drug release from nanoparticulate products, compendial apparatus and modifications thereof, have been employed, as shown in Table 2 (37, 38) .
In addition, compendial apparatus that may use finite volumes of medium can be based on stirring principles: USP 1 and USP 2, or flow-through principles: USP 4 in loop alignment, while USP 4 in open alignment is based on employment of an infinite volume of medium.
USP 1 (basket method)
To employ USP apparatus 1 with a basket configuration for testing the release from nanoparticles is difficult due to the structural features of the device. In vitro release test results provided with this setup were reported to have no discriminatory capacity when different formulations of cefuroxime axetil (CFA) or griseofulvin (GF) were tested, for which one possible explanation provided was the ability of nanoparticles to form agglomerations of different sizes and shapes inside the basket, which affects the wettability properties of the nanoparticles (28, 39) .
Sievens-Figueroa et al. tested GF nanoparticles in the form of polymer strip-films, which were inserted inside the basket (39) . Samples were taken at different time intervals and filtered using a syringe filter before being analyzed spectrophotometrically. Results showed a direct correlation between agitation speed and dissolution rate. However, situations where the films attached to the walls of the basket or formation of nanoparticle agglomerations due to the low sheer forces inside the basket were encountered. When GF nanoparticles were tested against GF microparticles at a high agitation speed, the dissolution profiles were similar, which renders the method not suitable for discriminating based on particle size (39). Heng et al. encountered similar challenges when testing release from processed amorphous nanoparticles and the unprocessed crystalline form of CFA using the basket method. The nanoparticles submerged with the basket into the medium were observed floating at the surface of the medium (28) . This highlights the containment issue related to nanoparticles when using the basket method. Also, a fast initial dissolution rate followed by a slower dissolution rate was observed, most likely due to the agglomeration of the nanoparticles (28) .
USP 1 modified (cylinder method)
Gao et al. describe using USP 1 in conjunction with a membrane diffusion cylinder, represented by a flat-bottom cell with the opening covered by a dialysis membrane, to test different gelatin and polybutyl cyanoacrylate (PBCA) nanoparticles formulations, loaded with rifampicin (RIF) and moxifloxacin hydrochloride (MX). The in vitro release test was conducted under forced (enzymatic degradation) and non-forced conditions for the gelatin nanoparticles, which lead to a faster release rate in the presence of the enzymes that only the modified setup was able to detect. In addition, the modified cylinder method was able to identify the different release mechanisms of RIF and MX (35) .
USP 2 (paddle method)
The paddle method encounters the same artifacts, aggregation, agglomeration, and poor wettability of the nanoparticles at different rotation speeds and volumes, as with the use of USP 1, rendering it difficult to assess the true release rate (28, 34, 40) . The employment of non-sink conditions were reported to be preferable to A study published by Yang et al. tested in vitro release from nanoscale drug depots in the form of core-shell fibers using the paddle method (42) . The core-shell fiberbased depots containing ferulic acid (FA) in a cellulose acetate (CA) matrix were prepared using a modified triaxial electrospinning process. When tested in 900 mL phosphate buffered saline at 37 ± 1 °C and 50 rpm, over 36 hours, the core-shell depots showed no initial burst release effect and the drug release process may be considered zero-order release, with a correlation coefficient (R) of 0.9868, as opposed to monolithic CA/FA fibers (CA nanofibers from single-fluid electrospinning), for which a significant initial burst release was noticed (42) .
USP 2 modified (dispersion releaser)
Developed by Wacker, the device is comprised of a sample holder cell (donor compartment) equipped with a paddle stirrer and the acceptor compartment, represented by a mini or a full size dissolution vessel, as shown in Figure 1 (43) . The sample holder is a hollow cylinder framework on which the dialysis membrane is fixed with O-rings (rubber rings). Due to the unique feature of having an outside stirrer (in the acceptor compartment) as well as an inside stirrer (inside the donor compartment), using the dispersion releaser showed improved hydrodynamics compared with regular dialysis setups. Experimental results proved that the dispersion releaser is able to discriminate between changes in the formulation and is suitable for testing nanoparticulate drug products (44) .
USP 4 (flow-through cell in loop alignment)
The flow-through apparatus can be used as a loop system when the medium is continuously recirculated through the cell, which makes it suitable for tests where low volumes of medium are required (13, 43) . For testing nanoparticulate drug products, this setup was shown to discriminate between different formulations (39) . Furthermore, a higher dissolution rate from the nanoparticulate drug product was noticed when compared with the drug substance powder in its unprocessed form, most likely due to an increased surface area and solubility, as shown by Heng et al. (28) . Also, the containment issues encountered with the basket method were overcome, as the nanoparticles were retained inside the flowthrough cell (28) . Thus, USP 4 may be suitable to detect differences in the dissolution behaviour of nanoparticles with different sizes (28) .
USP 4 (flow-through cell in open alignment)
USP 4 when aligned as an open system, provides continuously fresh medium passing through the cell (infinite volume), which requires large volumes of medium (13, 43) . As a result, the large total volume of media may contain small masses of drug, which may limit the analytical quantification, or even render it impossible.
USP 4 modified with dialysis adapter
The modified USP 4 setup is comprised of a dialysis adapter placed inside the sample cell of the flow through apparatus in upright position (schematic detailed in Fig.  2) (46) . The design of the adapter, described by Bhardwaj and Burgess, consists in a cylindrical structure on which the dialysis membrane is mounted and sealed at the ends with O-rings (similar to the dispersion releaser cell). The modified USP 4 was applied for characterization of suspensions and liposomes containing dexamethasone (46) . Compared to classic stirred beaker dialysis setups, such as dialysis sac and reverse dialysis, this modified USP 4 setup for testing in vitro release of nanosuspensions and liposomes was described as being superior in terms of discriminatory ability and robustness (46) .
Release Medium
When selecting the release medium, the same considerations as for conventional oral dosage forms apply. Primarily, the route of administration, drug substance solubility and stability, and site of action will influence the choice of volume and composition of the medium. Secondly, technical aspects have to be considered such as in vitro solubility, stability of the drug release testing medium and of the drug in solution, and stability of the whole system over the time span required for the test run. Eventually the accuracy and precision of the method determine its suitability showing differences in release kinetics and hence, the similarities. For parenteral nanosuspensions, selection of the release medium usually starts with artificial human blood plasma (47) . However, artificial synovial fluid and simulated CSF have also been employed (47, 48) . For robust testing, due to the complex nature of the medium, the composition should be simplified while keeping the physiological parameters constant, such as pH 7.4 and osmotic pressure 285 mOsm/kg for blood plasma (49) . Although sink conditions are preferred, in vitro release test methods for nanoparticulate drug products may also be performed under non-sink conditions (41) . Agitation rate as well as the presence of solubilizers (surfactants, cyclodextrins) can have an impact on the release kinetics (35, 49) . The volume of the medium can be adapted based on the setup. Volumes varying from 1 to 900 mL have been reported for the sampling and separating methods as compared to dialysis methods, where the volumes for the donor compartment range from 100 µL up to 40 mL and up to 900 mL for the acceptor compartment (27, 43) .
Separation Techniques
When assessing drug release from nanoparticulate dosage forms, the main concern is to quantify the released moiety of drug substance in the presence of the carrier bound moiety, which may require physical separation. Physical separation methods based on filtration and centrifugation are used besides physicochemical methods (solid phase extraction [SPE]) (26, (50) (51) (52) .
The versatility of the sample and separate methods is overcome by the difficulty of the separation step and lack of precision. Dialysis membrane-based methods compensate for this drawback by integrating the separation step into the release test, with the necessity to determine the diffusion rate of the drug in solution through the dialysis membrane (13, 26) .
Use of Membranes
The separation process takes place during the release test and can be achieved through various methods: dialysis bag, side-by-side diffusion cell method, reverse dialysis, and the latest, the dispersion releaser with the sample holder cell which can be attached to the basket/paddle shaft of the compendial USP 1 or 2 apparatus (44, 45) . The principle is to disperse the nanoparticulate formulation in the release medium, in a donor compartment, from where the free drug substance diffuses through a membrane in the acceptor compartment. This setup requires that the drug release rate in the donor compartment be slower than the membrane passage (44) . In most cases (dialysis bag, dispersion releaser), the nanosuspension is inserted in the smaller closed inner compartment and samples are collected from the larger outer compartment. With the reverse dialysis and side-by-side dialysis method, the nanosuspension is applied in the larger outer compartment and samples are withdrawn from the inner compartment (13, 39, 45) . Additionally, the reversed dialysis method mimics the in vivo conditions for parenteral (and also oral) nanoparticulate drug products, as infinite dilution occurs once they are inserted, respectively administered (54) . Compared to sequential sampling and separating techniques, dialysis methods are more convenient, since separation is occurring concomitantly to the drug release. The choice of membrane (in terms of material and molecular weight cut off) is of major impact (45) . Computation of the release kinetics may need additional membrane permeation experiments for drug solutions, combined with mathematical deconvolution if needed (26) .
Sample and Separate Method (Tube Method)
Compared to the use of dialysis membranes as a separator inside the dissolution vessel, sample and separate methods require separation of the released drug from the bound fraction after the sampling. Separation of the two fractions, bound and unbound drug, can be done by means of filtration, ultracentrifugation, ultrafiltration, SPE, or asymmetrical flow field flow fractionation (AF4) (50, 54) . Filtration is a common technique, easy to perform and reproducible; however, special attention must be paid to the filtering material. Firstly, due to adsorption effects and/or drug-filter material or membrane interactions; secondly, due to the tendency of nanoparticles to form aggregates that could block the filters (36) . Another method, pressure ultrafiltration, involves the use of low hydrostatic pressure on the particles. This technique provides fast and reliable results and may have applications in quality control (51) . Preparative ultra-centrifugation uses high centrifugal forces over a long period of time, which determines the sedimentation of the nanoparticles. Limitations of this method have been mentioned by Wallace et al. and Beyer et al. for nanoparticles smaller than 100 nm, among which incomplete separation and the potential to create artifacts by continuing release from the carrier after sampling, due to the high shear forces applied (50, 55) . SPE uses a solid (stationary) phase and a liquid (mobile) phase to separate the dissolved drug substance from the nano carrier. Compared to filtration and ultracentrifugation, the integrity of the particles is not affected. However, for an increased efficiency, the drug substance and the carrier matrix must have different affinities for the SP, which could represent a limitation for this method (52) .
The versatility of the sample and separate method is represented by the possibility to choose between different setups: USP 1, USP 2, or vials; different volumes of dissolution/release medium: from 1 to 900 mL; or type of agitation of the medium: orbital shakers or magnetic stirrers (27, 50) .
In Situ Quantification not Requiring Sampling or Separation
In situ measurements, which are performed directly in the bulk medium during the in vitro release test, render sampling and physical separation redundant. The prerequisite is that the analytical method can be performed in the dissolution vessel. Applications based on dynamic light scattering (DLS), UV-VIS detection, fluorescence, ion-selective electrode (potentiometry), and calorimetric methods are described (40, 56) . However, the analytical properties of the drug substance are primarily determining the choice of the analytical finish. These non-consumptive procedures usually allow high numbers of measurement time points, with the benefit of a high resolution of the release kinetics.
A particular case is represented by the use of in situ fiber optics combined with derivative spectroscopy as described by Guillot et al. for PLGA-based nanoparticles (58) . The setup comprised a UV-VIS spectrophotometer connected to a compendial basket apparatus by fiber optics. The approach is using derivative UVspectrophotometry to level out matrix and medium interferences and provides real-time data by in situ monitoring of the drug release kinetics with optical fibers. This method is suitable for automation and can also be used for small volumes of medium. Limitations to this method are the degree of turbidity and UV absorption characteristics of the analyte. This combined method allows quantification of the dissolved drug substance in the presence of the moiety of active ingredient, which is still bound to the nanoparticulate carrier, and has been validated for GMP purposes (58) . Avoiding sampling, separation, and liquid handling as well as human error and the overall precision of fiber optics combined with derivative spectroscopy may be superior to the classical sample-and-separate methodology.
Duration of the Test
Parenteral nanoparticulate drug products are usually designed for long-term controlled drug release over periods of time ranging from days to weeks. This is mostly the case for subcutaneous and intramuscular routes, when a depot may be involved, but not excluding the IV route when the rate of release may be controlled by the carrier through the formulation technology. A real-time in vitro release test may not always be a convenient option from the stability of the in vitro setup point of view. Therefore, accelerated tests may be preferred. For this purpose, parameters such as temperature, agitation, or composition of media may be modified to accelerate the drug release, provided that only the rate changes but the mechanism of the release remains unaltered (37) .
CONCLUSION
The basis of in vitro drug release testing methods of nanoparticulate drugs is considered by the traditional approach with sampling and separating either by filtration or using dialysis membranes. Finite volumes are still preferred to continuous flow setups. With a look to the future, suitable in vitro release test for nanoparticulate drug products are defined by their use as so-called "regulatory approved" methods, which means being used for batch release testing. Precision is one of the challenges for a discriminative but analytically valid method. In that regard, methods such as the dispersion releaser or the use of optical fibers, hold great promise for the future.
A standardized in vitro release test is the prerequisite for meaningful nanoparticulate dosage form development and performance testing. With an in vitro-in vivocorrelation being established, changes of the in vivo performance may be predicted by in vitro testing. With the limitations on how to access the in vivo release kinetics, mathematical in silico modelling may need to be applied to predict the in vivo release rate based on in vitro data. In addition, if the site of action is separated by barriers, introducing pharmacokinetic steps, new approaches are needed. The classical approach based on bioavailability, with the rate and amount of drug available in the systemic circulation as the surrogate for therapeutic effect, would need to be extended further. With that deficiency, the need of meaningful in vitro drug release testing methods gains great importance.
